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Summary
The nerve cell is a eumetazoan (cnidarians and bilaterians)
synapomorphy [1]; this cell type is absent in sponges,
a more ancient phyletic lineage. Here, we demonstrate that
despite lacking neurons, the sponge Amphimedon queens-
landica expresses the Notch-Delta signaling system and
a proneural basic helix loop helix (bHLH) gene in a manner
that resembles the conserved molecular mechanisms of
primary neurogenesis in bilaterians. During Amphimedon
development, a field of subepithelial cells expresses the
Notch receptor, its ligand Delta, and a sponge bHLH gene,
AmqbHLH1. Cells that migrate out of this field express
AmqDelta1 and give rise to putative sensory cells that popu-
late the larval epithelium. Phylogenetic analysis suggests
that AmqbHLH1 is descendent from a single ancestral bHLH
gene that later duplicated to produce the atonal/neurogenin-
related bHLH gene families, which include most bilaterian
proneural genes [2]. Byway of functional studies inXenopus
and Drosophila, we demonstrate that AmqbHLH1 has a
strong proneural activity in both species with properties dis-
played by both neurogenin and atonal genes. From these
results, we infer that the bilaterian neurogenic circuit, com-
prising proneural atonal-related bHLH genes coupled with
Notch-Delta signaling, was functional in the very first meta-
zoans andwas used to generate an ancient sensory cell type.
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It is widely held that nerve cells and nervous systems origi-
nated early in the evolution of eumetazoans, after the diver-
gence of sponge and eumetazoan lineages [1]. The identifica-
tion of sponge orthologs of genes that play conserved roles in
neurogenesis and neuron function may therefore shed light on
the evolutionary steps that led to the emergence of the eume-
tazoan neuron. For example, most of the structural proteins
required for the formation of the postsynaptic scaffold in
eumetazoan nerve cells have orthologs encoded in the re-
cently sequenced genome of the demosponge Amphimedon
queenslandica [3]. The co-option of this ancient scaffolding,
along with the evolution of critical transmembrane-receptor
genes, including the entire ionotropic glutamate-receptor
family, provided the necessary molecular components for
the evolution of the eumetazoan postsynapse [3].
In Amphimedon, the expression of a subset of these post-
synaptic scaffolding orthologs is restricted to a distinct cell
type that is interspersed around the outer layer of the sponge
larva [3]. Although these cells were originally identified as flask
cells, further analysis of their ontogeny and structure reveals
that they are more akin to globular cells, sometimes referred
to as ‘‘mucous cells’’ [4]. Globular cells are generally uncili-
ated, packed with dense vesicles, and have been identified
within the ciliated epithelium of a range of sponge larvae [5].
In Amphimedon, the globular cells appear to migrate out of
the subepithelial (middle) layer during embryogenesis, prior
to their intercalation within the columnar epithelium
(Figure S1 available online). In their ultimate position, the
apex of each globular cell protrudes beyond the larva and
intermingles with the short lateral cilia of the larval surface
(Figure S1).
Neurogenic Gene Expression in Amphimedon
The reported expression of postsynaptic genes in Amphime-
don globular cells [3] raises an intriguing hypothesis that glob-
ular cells may be related to eumetazoan neurons. To test this
proposition, we first determined whether homologs of genes
that direct the primary specification of neurogenic fields in
bilaterian embryos—basic helix loop helix (bHLH) proneural
genes—and the selection of neural precursors within these
fields—the Notch signaling pathway—are present in the
Amphimedon genome. Amphimedon possesses 16 bHLH
genes, one of which, AmqbHLH1, appears to be derived from
a single ancestral gene that generated, via gene duplications,
the atonal-neurogenin-related bHLH gene families (the ‘‘Atonal
superfamily’’) that include most bilaterian proneural genes [2]
(Figure S2). Elements of the Notch signaling pathway are
also present in the Amphimedon genome, which encodes a
single Notch receptor, AmqNotch, and five Notch ligands,
AmqDelta1– AmqDelta5, as well as a suite of proteins that
direct the initiation, transduction, and deactivation of Notch
signaling in bilaterians (Table S1). After the identification of
these neurogenic components in the Amphimedon genome,
we characterized the developmental expression of AmqNotch
and AmqDelta1, which display the conserved domain configu-
rations characteristic of their eumetazoan orthologs (Figures
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with proneural bHLH genes. While the remaining ligands,
AmqDelta2–AmqDelta5, are also developmentally expressed,
their expression is not consistent with a role in globular cell
genesis (not shown).
The late Amphimedon embryo (the so-called ‘‘late ring
stage’’) consists of three layers—inner cell, subepithelial, and
epithelial—that are patterned along a larval anterior-posterior
axis [6, 7]. During this stage, the globular cells are clearly
distinguishable as a population of large, elongate cells that
appear to migrate out from the subepithelial layer and insert
into the epithelial layer (Figure S1). Prior to the formation of
the subepithelial layer (‘‘spot stage’’), all three of the conserved
neurogenic genes are expressed in the outer layer (Figures 1A–
1D), with AmqNotch expressed broadly and AmqDelta1 and
AmqbHLH1 restricted to subpopulations of cells. A few hours
later at the ‘‘early ring stage’’ (Figures 1E–1H), all three genes
are coexpressed in cells of the subepithelial layer. In ‘‘late
ring embryos’’ (Figures 1I–1L), AmqbHLH1 and AmqNotch re-
main expressed in the subepithelial layer, but AmqDelta1 is
now highly expressed in globular cells that are located beyond
the subepithelial layer, within the outer layer. We propose that
the expression of AmqDelta1 in the globular cell population is
continuous and that it tracks a specific migratory event from its
initiation, when cells leave the subepithelial layer, until its con-
clusion, when the cells reach their final position scattered
around the outer margin of the mature larva (Figures 1M–1P).
The expression of these conserved neurogenic genes during
the genesis of Amphimedon globular cells may indicate that
a mechanism of cell determination, as directed by bHLH genes
and Notch signaling, was already operational in the metazoan
lineage prior to poriferan divergence. We propose that in Am-
phimedon, the outcome of Notch signaling in the subepithelial
layer of ‘‘early-ring-stage’’ embryos is that certain cells enter
a globular cell differentiation and migration program, whereas
their neighbors, maintained in a different development state,
remain in the subepithelium. In addition, given the sequence
similarity of AmqbHLH1 to eumetazoan proneural genes, we
propose that AmqbHLH1 also has a proneural-like function
in Amphimedon, i.e., controls the initial determination of glob-
ular cell identity. If true, this would mean that at least some
aspects of eumetazoan proneural function were established
prior to the eumetazoan-poriferan divergence, and thus prior
to the expansion of the Atonal superfamily.
AmqbHLH1 Has Proneural Activities in Xenopus
and Drosophila
Phylogenetic analysis suggests that AmqbHLH1 is homolo-
gous to all the atonal-related bHLH genes found in bilaterians,
including the proneural genes atonal and neurogenin (Fig-
ure S2). Accordingly, the bHLH domain of AmqbHLH1 shows
a mixture of conserved amino acid residues observed in the
bHLHs encoded by the different atonal-related bHLH genes
but only a limited similarity to any one gene in particular (Fig-
ure S5 and Table S2). The atonal genes are important proneural
genes in Drosophila, and the neurogenin genes are important
proneural genes in vertebrates (e.g., [8]–[12]). These differen-
tial roles, defined through expression and loss-of-function
analyses, can be highlighted by misexpression studies (Table
1). In Xenopus embryos, injections of neurogenin mRNAs
(such as mouse or Xenopus Ngn1) induce massive ectopic
neurogenesis [9, 12], whereas atonal mRNAs (such as mouse
Figure 1. Neurogenic Gene Expression inAmphi-
medon queenslandica
Whole-mount in situ hybridizations with probes
for AmqNotch, AmqDelta1, and AmqbHLH1. (A),
(E), (E0), (I), and (I0), top row, show cartoons of
sponge development, anterior down. (F)–(H) and
(J)–(L) show whole-mount in situ hybridizations.
(B)–(D), (F0)–(H0), and (M)–(O) show sectioned
in situ hybridizations. (F0)–(H0) and (I0)–(L0) show
magnification of dotted circles in (F)–(H) and (I)–
(L), respectively. In spot-stage embryos, all
genes are expressed in the outer layer (B–D). As
ring formation proceeds, the expression of all
genes coalesces in the subepithelial layer (F–H)
and is found in the large, round pre-migratory
globular cells (indicated by arrowheads in (F0)–
(H0); see also Figure S1). In late-ring-stage em-
bryos, globular cells (indicated by arrowheads)
migrating away from the subepithelial layer
strongly express AmqDelta1 (K), whereas ex-
pression of AmqNotch (J) and AmqbHLH1 (L)
remains more highly expressed in the subepithe-
lium. The migration of globular cells originating in
the subepithelial layer of ring-stage embryos (M)
and their intercalation into the epithelial layer of
larvae (P) is visualized by AmqDelta1 expression
(M–P). Arrowheads indicate globular cells;
dashed lines indicate subepithelial-epithelial
layer boundary. The following abbreviations are
used: ps, pigment spot; pr, pigment ring, icm,
inner cell mass; sel, subepithelial layer; and el,
epithelial layer.
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[12]. In Drosophila larval wing imaginal discs, the misexpres-
sion of atonal genes induces the formation of numerous
ectopic sensory organs, including mechanosensory bristles
and sensilla on the wing blade [8, 12], whereas neurogenin
genes induce only very few or no ectopic sensory organs, de-
pending on the method used to misexpress them [11, 12].
Given the orthologous relationship of AmqbHLH1 with atonal
and neurogenin genes and the suggested involvement in sen-
sory cell determination based on its expression in Amphime-
don, we attempted to define whether AmqbHLH1 may have
some of the structural and functional properties required to
promote neural development in bilaterians.
We performed injections of in vitro-transcribed AmqbHLH1
mRNA into two-cell stage Xenopus embryos and analyzed
their effects, later in development, on the expression of genes
involved in neurogenesis (Figure 2). We found thatAmqbHLH1,
like Xenopus neurogenin (X-ngnr-1 [9]), (1) induces an ectopic
expression of N-tubulin, an early marker of neuronal differenti-
ation [13] (Figures 2A–2C), (2) leads to an ectopic expression of
the neurogenic gene X-Delta-1 [14] (Figures 2D–2F), (3) has an
activity sensitive to lateral inhibition, as seen by the complete
suppression of the formation of ectopic N-tubulin expressing
cells upon coinjection of both AmqbHLH1 mRNA and mRNAs
encoding a constitutively active form of X-Notch-1 (X-Notch-
ICD) [14] (Figures 2G and 2H), and (4) synergizes with the
zinc-finger transcription-factor-encoding gene XMyT1 [15] to
escape lateral inhibition, as seen by the massive formation of
ectopic N-tubulin-expressing cells in AmqbHLH1, X-Notch-
ICD, and XMyT1 mRNA triply injected embryos (Figures 2I
and 2J). Taken together, these data indicate that AmqbHLH1
has a Neurogenin-like proneural activity in Xenopus, with
most or all of the ectopic neurons being of the sensory type
(as seen by the expression of the sensory marker XHox11L2
[16]; Figure S6). Most vertebrate Atonal superfamily bHLH
genes do not have these activities or at least not all of these ac-
tivities (Table 1). For example, Math1, a mouse atonal gene,
upon injection of mRNAs only induces a few ectopic neurons
and does not synergize with XMyT1 [12]. Although the activity
of AmqbHLH1 is most similar to the activity of X-ngnr-1, it is
Table 1. Summary of the Proneural Properties of Some bHLH Proteins in Xenopus and Drosophila Misexpression Assays
Genes
Ectopic Neurons
(Xenopus)
Activation of X-Delta-1
(Xenopus)
Sensitivity to Lateral
Inhibition (Xenopus)
Synergy with XMyT1
(Xenopus)
Ectopic Sensory
Organs (Drosophila)
neurogenin genes + + + + +/2c
atonal genes +/2b + + - +
NeuroD genes + + +/2 ? ?
Other bHLH genesa - - - - -
AmqbHLH1 + + + + +
Compiled from [8–12, 14, 15, 18, 24, 31, 32].
aFor example, other atonal-related bHLH genes, such as olig3 and net, and other class A bHLH genes, such as twist.
bQuan et al. (2004)12 reported the induction of very few ectopic N-tubulin-expressing cells upon injection of mRNAs corresponding to the mouse or
Drosophila atonal genes.
cLedent et al. (1998)11 ubiquitously expressed tap, the Drosophila neurogenin gene, with a heat-shock promoter and found no induction of ectopic sensory
organs. Quan et al. (2004)12 expressed the mouse neurogenin1 gene in the prospective central part of the wing of Drosophila with the UAS/Gal4 system
(Dpp-Gal4 driver) and found a very weak proneural effect (less than five ectopic bristles per wing; ectopic bristles not found in all flies).
Figure 2. AmqbHLH1 Has Neurogenin-like Pro-
neural Activity in Xenopus and Atonal-like
Proneural Activity in Drosophila
(A–F) X-ngnr-1 or AmqbHLH1 mRNAs were
injected, together with lacZ mRNAs, into one
cell of two-cell-stage Xenopus embryos and
analyzed by in situ hybridization. Probes are indi-
cated on the left of the pictures. Injections of lacZ
mRNA alone were used as controls. Dorsal views
of neurula-stage embryos with the injected side
on the right visualized by the light-blue staining
that corresponds to lacZ expression are shown.
(G–J) Dorsal views of N-Tubulin-labeled neurula-
stage embryos that have been injected with
X-ngnr-1 (left pictures) or AmqbHLH1 (right pic-
tures) mRNAs in combination with X-NotchICD
(G and H) or X-Notch ICD + X-MyT1 (I and J).
The injected side is on the right.
(K–L) Dorsal views of the central part (vein III-vein
IV region) of the wing of wild-type (K) and Ptc-
Gal4, UAS-AmqbHLH1 (L) flies. In wild-type,
only three sensilla are found on vein III (indicated
by arrows in [K]). AmqbHLH1 induces the forma-
tion of many sensory organs (indicated by arrows
in [L]) as well as abnormal vein/intervein forma-
tion (see Figure S7 for more details).
Conservation of Neurogenic Mechanisms in a Sponge
1159not identical. X-ngnr-1 is additionally able to induce ectopic
expression of N-CAM, X-NeuroD, and Xath3, whereas
AmqbHLH1 cannot (Figure S6; see [15]).
We expressed AmqbHLH1 during Drosophila wing disc de-
velopment with the UAS/Gal4 system [17] and assayed pro-
neural effects by looking at the formation of ectopic sensory
organs. When expressed in the prospective central part of
the wing, with the Ptc-Gal4 driver, AmqbHLH1 induces the for-
mation of many ectopic bristles (a mean of 14 ectopic sensory
organs per wing, n = 78; Figures 2K and 2L). To confirm that
this represents a true proneural effect, i.e., thatAmqbHLH1 ex-
pression has induced additional ectodermal cells to adopt
a neural fate, we also looked at the formation of sensory-organ
precursors in wing imaginal discs, and indeed we observed the
presence of many additional precursors within theAmqbHLH1
expression domain (Figure S7). This phenotype is similar to
that observed upon similar misexpression of atonal and
much stronger than that observed with neurogenin [12] (Table
1). Strong proneural effects were observed with several inde-
pendently established UAS-AmqbHLH1 transgenic lines, as
well as with other Gal4 drivers, such as theMS1096-Gal4 driver
(Figure S7). We therefore conclude that AmqbHLH1 has an
Atonal-like proneural effect when it is expressed inDrosophila.
In addition to its proneural effect, AmqbHLH1 also perturbs
vein-intervein patterning (Figures 2K and 2L; Figure S7), an
effect that may be related to the sequence similarity of
AmqbHLH1 with another bHLH gene, net (Net/Math6 family;
Figure S5), which is involved in wing morphogenesis [18].
Taken together, our data indicate thatAmqbHLH1has strong
proneural effects when it is misexpressed in either Xenopus or
Drosophila (Table 1). In Xenopus, AmqbHLH1 behaves like
neurogeningenes, inducing the formation of numerous ectopic
Figure 3. Summary Diagram Mapping the Evolu-
tion of the bHLH Gene Family with the Evolution
of Neurogenic Circuitry and Neural Morphology
in the Metazoa
Choanoflagellates diverged from the Metazoa
prior to the emergence of Notch and Delta genes,
and the expansion of the bHLH gene family in the
metazoan lineage [33]. Subsequently, in the
metazoan stem lineage, multicellularity was
acquired, and we propose that this state also
included differentiated sensory cells. An initial
expansion of group A bHLH genes occurred
before the poriferan divergence, but the major
expansion of this family occurred later, in the
Eumetazoa. There is no evidence of neurons in
the Porifera; however, the Amphimedon gene
AmqbHLH has proneural capability comparable
to that of Atonal superfamily genes in bilaterians.
We propose that proneural capability was pos-
sessed by the last common ancestor of the
Atonal superfamily (the ‘‘ProtoAtonal’’ gene),
and that this capability was inherited by
AmqbHLH as well as by certain bilaterian
descendents.
sensory neurons and synergizing with
XMyT1. In Drosophila, AmqbHLH1
behaves like atonal genes, inducing a
high number of ectopic sensory organs.
AmqbHLH1 thus possesses structural/
functional properties that are found
across a range of bilaterian proneural
proteins and that are required to
promote neural development, including the ability to set up
a Notch-Delta-mediated lateral inhibition process. Phyloge-
netic analysis indicates thatAmqbHLH1 is neither aneurogenin
nor an atonal gene but derives from a single ancestral gene that
produced both families (as well as others, such as the Net fam-
ily) by gene duplications in the eumetazoan lineage (Figure 3).
Taken together, our data suggest that the Atonal superfamily’s
last common ancestor already possessed ‘‘proneural-like’’ ca-
pabilities, and although the expansion of this family in eumeta-
zoans resulted in the partitioning of these capabilities among
descendent paralogs, no such expansion occurred in the
poriferan lineage, in which there remains a single ortholog
(Figure 3).
Conclusions
The proneural-like capabilities and expression of AmqbHLH1,
and the corresponding expression of Notch signaling mole-
cules during globular cell genesis in Amphimedon, are evoca-
tive of the initial events that occur during bilaterian neurogene-
sis. However, the absence of genes such as the transcriptional
coactivator mastermind and the bHLH repressor enhancer of
split from the Amphimedon genome [2], as well as the lack of
diversification of the Atonal superfamily (one in Amphimedon
versus > ten in Eumetazoa) [2], suggests that the cellular re-
sponse to an Amphimedon Notch signal is not enacted by the
same molecules that initiate neural differentiation in bilaterians.
Accordingly, we propose that in the Eumetazoa, the process of
neural differentiation emerged as an addition to an already es-
tablished cell-determination program that was operational in
the metazoan stem lineage and that comprised a proneural-
like bHLH gene and Notch signaling. In Amphimedon, the
expression of these neurogenic molecules is associated with
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the eumetazoan postsynapse [3], demonstrating that the mo-
lecular preadaptations for nerve cell formation can be traced
back to an ancestor that existed prior to the evolution of true
neurons. Although the morphological structure of globular
cells, with their externally protruding apices and cytosol packed
with large, electron-dense vesicles (Figure S1), is not akin to the
specialized structures of eumetazoan neurons, it may still re-
flect sensory ability. We speculate that the apex of a globular
cell may be receptive to environmental stimuli and that sensory
information could thenbe conveyed throughout the larvavia the
secretion of various molecules contained in the globular vesi-
cles. Such a system may act not only to induce a larva to settle
and metamorphose in response to an appropriate environmen-
tal cue (A. Kranz and B.M.D., unpublished data) but also to stim-
ulate the external release of substances for attaching the larva
to a suitable substrate. We therefore propose that early meta-
zoans were already in possession of sensory ‘‘proto-neural’’
cells and that the functionality of these cells was based upon
molecular secretion in response to environmental stimuli.
Experimental Procedures
Isolation and Expression of Amphimedon Genes
Conserved regions of Homo sapiens Notch and Delta proteins were used as
queries for tBlastn similarity searches of the Amphimedon NCBI genomic
trace archive [19]. Retrieved traces were aligned and extended with an in-
house local assembly tool. We analyzed genomic contigs containing puta-
tive notch and delta homologs with GENSCAN [20] to identify intron-exon
boundaries and open reading frames. Complete coding sequences for
each Amphimedon homolog were obtained via 50 and 30 RACE reactions
with the BD Smart Kit (Clontech) and RT-PCR with gene-specific primers
(primers and PCR conditions available on request). cDNA template and
RACE libraries were synthesized from total RNA isolated from embryos
and larvae. Adult specimens of Amphimedon were collected from Heron
Island, Great Barrier Reef, Australia, and brood chambers and larvae were
procured as previously described [7]. Whole-mount in situ hybridization
was carried out as previously described [21] with minor modifications
(detailed protocols available on request).
Functional Assays in Xenopus and Drosophila
For the Xenopus experiments, the coding region of AmqbHLH1 was sub-
cloned into EcoRI site of the pCS2 vector [22]. Capped AmqbHLH, X-ngnr-
1 [15],X-NotchICD [17],X-MyT [18], andNLSLacZ [23] sense RNAs were tran-
scribed, after NotI digestion, with the mMessage mMachineTM SP6 kit
(Ambion). Xenopus laevis embryos were obtained by hormone-induced
egg laying and in vitro fertilization by conventional methods. RNAs (500 pg)
were injected into one of two blastomeres of embryos at the two-cell stage.
We performed histochemical staining for b-galactosidase to visualize the
distribution of injected mRNAs. Digoxigenin antisense RNA probesN-Tubu-
lin [23], X-NeuroD [24], Xath3 [25], XDelta-1 [23], XHox11L2 [26], andN-CAM
[27] were generated according to the manufacturer’s instructions (Roche).
Whole-mount in situ hybridization was carried out as previously described
[28]. For the Drosophila experiments, the coding region of AmqbHLH1 was
subcloned into EcoRI site of the P-element vector pUASt [17]. Stable trans-
genic UAS-AmqbHLH1 fly stocks were produced, in accordance with the
standard P-element-mediated procedure, by the BestGene (Drosophila
embryo injection Services) company. For misexpression analyses, the
UASAmqbHLH1 flies were crossed with Ptc-Gal4 (Drosophila stock center
in Bloomington) or MS1096-Gal4 [29] flies. Flies were raised at 25C. Wings
from adult flies were dissected, dehydrated gradually in ethanol, and subse-
quently washed in PBS (phosphatebuffered saline). The wings were mounted
on microscope slides in Hoyer’s medium and heated at 65C overnight. Anti-
Senseless immunolabeling was done as previously described [30].
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